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ABSTRACT 
 
Study conducted at Faculty of Engineering showed the need for further training of 
students in the field machine hydraulics. As a response, a trainer bench was 
developed to serve as training bench.  
Basic hydraulic system principles and components such as pumps, actuators, valves, 
hoses, reservoirs and oil cooler were discussed. Design formulas for computing the 
flow, torque requirement, input/output power, volumetric, and overall power 
efficiencies of the pump and motor were also presented. 
The bench included a various basic hydraulic components such as hydraulic pump, 
motor, and cylinder circuits together with hydraulic tester. Furthermore, a hydraulic 
steering model and a heat exchanger had been developed and incorporated to 
complete the bench.  
 The trainer bench allows different circuit configurations to operate and test all 
hydraulic components such as hydraulic pump, hydraulic motor and hydraulic 
cylinder. The bench can further be upgraded to more complex hydraulic circuits 
which may involve use of control valves and multiple actuators. The developed 
trainer bench is also self-contained mobile unit that can be used wherever a prime 
mover such as a suitable internal combustion engine is available. 
 vi
 
الخلاصة 
جبيعج اهخرظّى ّذهم  خصف ُذٍ اهدراسج خظّٖر يٌطدث خدرٖتٖج ُٖدرّهٖنٖج تنوٖج اهٌِدسج،
 .ّالانبدٖيٕ اسخجبتج هوخّصٖبح اهّاردث يً اهيجبل اهصٌبعٕ
 خحخّٔ اهيٌعّيج عوٓ اهينٌّبح الاسبسٖج هودّائر اهِٖدرّهٖنٖج يذل اهيطخبح ّاهيحرنبح 
تبلاطبفَ اهٕ خظّٖر ّديج ّحدث خّجَٖ ُٖدرّهٖنٖج ّ . ّالاسظّاٌبح يع يٌعّيج الاخختبر
 يتبدْ اهٌعبى اهِٖدرّهٖنٓ الاسبسٖج ث يٌبكشحخى ّكد .يتبدل حرارٔ هخنخيل اهيٌطدث
نذهم خى . اهيطخبح ّاهيصغلاح ّاهصيبيبح ّاهخراظٖى ّاهخزاٌبح ّاهيترداح ّينٌّبخج يذل
اهيظوّة ّاهلدرث اهداخوج  اهيعبدلاح ّاهصٖغ اهرٖبطٖج هحسبة اهخدفق ّاهعزى عرض
 .هيطخج ّاهيحرمّاهخبرجج ّاهنفبءث اهحجيٖج ّاهيٖنبٌٖنٖج ّاهنفبءث اهنوٖج ل
 اهيطخبح  ّإخختبراهرئٖسٖج خخٖح خنًّٖ ّخصنٖل دّائر يخخوفج هخصغٖل اهخدرٖتٖج اهيٌطدث
رّهٖنٖج خعيل يع دّائر ٖدّٖينً جعل اهيٌطدث اهَ ،ّاهيحرنبح ّالأسظّاٌبح اهِٖدرّهٖنٖج
اهيٌطدث اهِٖدرّهٖنٖج  .أنذر خعلٖدُا تحٖد خحخّٔ عوٕ صيبيبح خحنى ّأنذر يً يصغل ّاحد
يصدر اهلدرث اهيٌبسة  ٖينً إسخخدايِب فٕ حبل خّفر  يخحرنجفٕ ذاخِب ٖينً اعختبرُب ّحدث
  .داخوٕالحخراق الإيبنٌٖج يذل 
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CHAPTER I 
 
INTRODUCTION 
 
1.1 Background 
 
The transmission and control of power by means of fluid under pressure is becoming 
increasingly used in all branches of industry. Over half of all industrial products have 
fluid power systems or components as part of their basic designs. The creative aspect 
of hydraulic system design is to develop a circuit that is capable of performing the 
required task. Usually the basic functions of a hydraulic system are determined by 
the circuit configuration, while the circuit's performance mainly relies on the 
components sizes and characteristics. The extensive use of hydraulics and 
pneumatics to transmit power is due to the fact that properly constructed fluid power 
system possesses a number of favorable characteristics. It eliminates the need for 
complicated systems of gears, cams, and levers.  
 
Fluid power is a term covering both pneumatic and hydraulic power. Pneumatics 
deals with the use of compressed air as the fluid while hydraulic power covers the 
use of oils and other liquids. Pneumatics is generally used when relatively low forces 
up to 10 kN and fast cycling speeds are desired. Where high forces, precise speeds 
and high power to weight ratios are needed, hydraulic systems are used. Most 
pneumatic circuits run at low power usually around 2 to 3 hp. Two main advantages 
of air-operated circuits are their low initial cost and design simplicity. Because air 
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systems operate at relatively low pressure, the components can be made of relatively 
inexpensive material often mass produced utilizing plastic injection molding, or zinc 
or aluminum die-casting techniques. Either process cuts secondary machining 
operations and cost. 
 
Historically, the hydraulic press, invented by a British mechanic named Joseph 
Bramah, was one of the first workable pieces of machinery developed that used 
hydraulics in its operation. It consisted of a plunger pump piped to a large cylinder 
and a ram. This press found wide use in England because it provided a more 
effective and economical means of applying large forces in industrial use. Since then 
hydraulic systems are widely used in many industrial applications. Hydraulic systems 
came into widespread use in off-road vehicles following World War II. Using the 
hydraulic system, the operator can easily maneuver heavy vehicle attachments such 
as front-end loaders, rear-mounted blades, etc. The same hydraulic system can also 
provide power for hydraulic brakes and power steering. Through use of hydraulic 
motors, the hydraulic system can transmit power more conveniently than with 
mechanical drives. The National Fluid Power Association (NFPA) standard symbols 
will be introduced as a way of describing the logic of hydraulic circuits (Georing et 
al., 2003). 
 
The major advantages of hydraulic systems are as follows: 
1. Speed variation: Most electric motors run at a constant speed. It is also 
desirable to operate an engine at a constant speed. The actuator (linear or 
rotary) of a hydraulic system, however, Can be driven at infinitely variable 
speeds by varying the pump delivery or using a flow control valve. 
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2. Reversibility of direction of motion:  Few prime movers are reversible and 
need to be slowed to a complete stop before reversing. A hydraulic actuator 
can be reversed instantly while in full motion without damage. A directional 
valve or reversible pump provides the reversing control, while a pressure 
relief valve protects the system components from pressure surge. 
 
3. Safe operation:  The pressure relief valve in a hydraulic circuit protects it 
from damage due to overload. When the load exceeds the valve setting, pump 
delivery is directed to tank with definite limit to pressure. The pressure relief 
valve also provides a means of setting a machine for a specified amount of 
torque or force, as in chucking or a clamping operation. 
 
4. Relatively small components: Hydraulic components, because of their high 
speed and pressure capabilities, can provide high power out put with 
relatively small weight and size. 
 
5. Can be easily stalled: Stalling an electric motor will cause damage or blow a 
fuse. Likewise, engines cannot be stalled without the necessity for restarting. 
A hydraulic actuator, though, can be stalled without damage when 
overloaded, and will start up immediately when the load is reduced. During 
stall, the relief valve simply diverts delivery from the pump to the tank. The 
only loss encountered is in wasted horsepower. 
 
 
Hydraulic system design and progress had undergone among different phase changes 
(Figure 1.1). These phase changes, frequented from manual design; CAD design to 
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artificial intelligence "AI" assisted design. During the period from the mid-20s to the 
mid-60s, hydraulic circuits were mainly designed without the aids of digital 
computers. During manual design period, the designer mainly focuses on generating 
the circuit configuration. No electronic tools are used and the circuit is normally 
hand-drawn. With the invention of the digital computer, the "computer-Aided 
design" period liberated designers from tedious drawing and analysis work. 
However, the generation of the design using electronic tools still depended on the 
knowledge of the designers. The advancement of software has helped to reduce the 
requirement of the human expertise. During the "AI-assisted" design period, 
intelligent software's (including knowledge-based or expert system and neural 
networks) have been introduced to assist the designers in circuit design and 
simulation. The different periods in the development of hydraulic system design has 
indicated the trend of using digital technology to shorten the design realization cycle. 
Based upon this trend, it is envisaged that the next phase of development would  
 
 
Source: (Design Research Center; 2001). 
Figure 1.1: Development of hydraulic system design stages 
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likely be the era of virtual reality and distributed AI-phase where the design activities 
will be integrated to encompass component sourcing to system prototyping. 
Currently, the designer has to build a physical prototype to test the designed system. 
With virtual prototyping, physical prototypes could be eliminated. The development 
of virtual digital component models would facilitate the sourcing activities. Up-to-
date catalog information could be provided in cyberspace to interface with suppliers 
for the realization of e-commerce. 
  
Future design procedure would be based on anew "plug-in + simulate +visualize" 
design models. All useful design information would be encapsulated in virtual digital 
component models supplied by the manufacturers. The design engineers would 
source for the components via the information highway. Selected component models 
would   be picked and "pluged-in" a distributed virtual environment by the designers, 
who will then assemble these virtual components to form the system. Within the 
virtual environment, the designers would examine the system dynamic performance 
before placing orders electronically to the suppliers. Al tools would assist the 
designers in all these activities. These distributed AI- tools will ensure smooth 
functioning of the collaborative design efforts. Artificial intelligence "AI" technology 
in hydraulic system design covers circuit design, dynamic simulation and proto-
typing. Different computational tools are required to assist the designers in 
accomplishing different objective. 
 
Knowledge and understanding of hydraulic systems and their components makes us 
better qualified to understand and evaluate the performance of such system in 
industrial applications. The agricultural engineering received significant feedback 
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from industry that stated the department's graduates need better training in hydraulics 
and pneumatics. In response to feed back from employers in industry, the 
Agricultural Engineering Department, Faculty of Engineering at University of 
Khartoum had initiated its hydraulic and pneumatic laboratory to include benches 
with industrial motor, pumps, and valves. Kheiralla et al. (2007) designed and 
developed an educational hydraulic circuit bench at University of Khartoum. Their 
developed bench consisted of gear pump driven by 7 hp/3 phase electric motor, 1 
unit of double acting cylinder having 200 mm stroke and 34 mm cylinder bore 
encapsulated in spring load, 1 set of gear motor, 2 units of directional control valves 
(manual and solenoid), 1 set of manual operated valve, 4 ways-3 position, 1 set of 
double solenoid valve 4 ways-3 position, hydraulic pressure gauge, filter and 
reservoir. Two sets of relief valves are used to limit the pressure in the hydraulic 
circuit to a safe level. Two sets of check valve and 2 sets of restrictor were also used 
to regulate and control the fluid rate to motor and hoses. The bench had facilities to 
measure oil hydraulic flow, pressure and temperature. The main bench testing circuit 
options include a circuit to operate the hydraulic pump, the hydraulic motor and the 
hydraulic cylinder and can be upgraded. In addition, cut-away sections for various 
hydraulic components are also developed for demonstration. Their developed bench 
is self-contained mobile unit that can be used wherever electrical power is available. 
Before starting this project, the department did not offer an under graduate course 
dedicated to hydraulics and pneumatics in its curriculum. The skills offered by such a 
course are required in industry. However, there are no similar courses that were 
offered through the other departments at University of Khartoum. and the existing 
other related courses do not cover many important hydraulics and pneumatics skills 
required in agricultural and biological engineering that suits its own need. Therefore, 
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the agricultural Engineering Department at Khartoum needed to create a complete 
and comprehensive laboratory in hydraulic and pneumatics by upgrading the already 
available mentioned bench. 
 
1.2   Objectives 
 
The main objective of this study work is to design and develop a complete and 
comprehensive hydraulic trainer bench for educational purposes. The work involves: 
1. Design, development and incorporation of a hydraulic steering unit to the 
already available bench. 
2. Design and development of a cooling system to already available bench. 
3.  Conduct comprehensive testing of hydraulic pump, motor, and cylinder 
based on measurement of hydraulic oil flow, pressure, angular speed and 
temperature. 
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CHAPTER II 
 
LITERATUER REVIEW 
 
2.1 Hydraulic Systems Review 
 
The name hydraulics, in fact, comes from the Greek, hydro, meaning "water" and, 
aulos, meaning "pipe". The most common liquid used in hydraulic systems is 
petroleum oil. Oil transmits power readily because it is only very slightly 
compressible. The hydraulic system is not a source of power. The power source is 
prime mover such as an electric motor or an engine which drives the pump which 
pumps the liquid in a certain volume and pressure in response to load demand.  
Extensive research workers on hydraulic system were reported by many researchers 
and industry groups.  
 
Johan Vander Kamp (2002) reported on electro-hydraulic steering. The SKF Electro-
Hydraulic Steering system is developed using the SKF approach for mechatronic 
design. This electro hydraulic steering solution will provide substantially increased 
functionality, added value and features when compared to today's fully hydraulic 
steering. In his electro-Hydraulic steering systems the electrical wires replaced the 
hydraulic link between steering wheel and steered wheels. The combinations of 
hydraulic and electronic technology lead to dramatic improvements in steering 
performance, maximizing the effectiveness of the system. 
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Krutz et al. (2002) reported on the design of hydraulic actuator test stand for non 
linear analysis of hydraulic actuator system. Servo-hydraulic systems were inherently 
non-linear creating various nuances when analyzing the stability of the system. 
Friction, port flow, saturation, impact loading, line dynamics, and boundary 
conditions were a few of the many non-linearities found in servo-hydraulic systems 
which were to be analyzed using advanced non-linear stability analysis techniques. 
Some effects of instabilities induced by non-linearities such as pressure oscillations, 
noise, etc., can be detrimental to the stability or operation of hydraulic systems 
especially when the design is near the envelope of stability. Furthermore, their test 
stand had been developed to test the hydraulic cylinder system dynamics, with the 
inclusion of a mass-spring-damper system. An experimental modal analysis was 
performed on the hydraulic test stand to provide helpful information regarding the 
natural frequencies of the structure to insure that these frequencies do not lie near the 
natural frequencies of the hydraulic systems. Initial non-linear dynamic testing was 
completed on two hydraulic cylinders, consisting of finding the breakaway friction 
forces of the hydraulic cylinders.  
 
The MAHA Fluid Power Research and Teaching Laboratory (2005) tested steady 
state and dynamic measurements on pumps, motors, hydrostatic transmissions and 
linear and rotary actuators. Two central hydraulic power supply nets using three 
pressure compensated pumps, which were independently controllable, were installed 
with a total power of 260 kW. The central pressure net is mainly used to supply 
hydraulic load units of the individual test rigs, where the load units are based on 
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secondary control. The total installed electric power amounts 700 kW. The 
laboratory has also a sufficient powerful cooling station with 500 kW cooling power. 
 
Georing et al. (2002) presented extensive review about of hydraulic systems in their 
text book off road vehicle engineering. Their text book showed that the reader will 
learn the basic principles of hydraulic components and systems. The National Fluid 
Power Association (NFPA) standard symbols were introduced as a way of describing 
the logic of hydraulic circuits. Finally, their text book introduced mechatronic as 
applied to hydraulic systems. 
 
2.2 Basic Principles of Hydraulic Systems 
 
Liquids have no shape of their own, but will flow to acquire the shape of their 
container. Hydraulic fluids are virtually incompressible at the pressures used in 
hydraulic systems. Liquids transmit pressure equally in all directions. The 
importance of these principles is illustrated in Figure 2.1, which is a schematic 
illustration of a hydraulic jack. By applying a downward force on the small piston, 
the jack can be made to lift a heavy mass on the large piston. The liquid fills the 
entire volume between the two pistons and, because it is incompressible, some liquid 
must move into the large piston chamber when the small piston is pushed downward. 
The pressure beneath the small piston is equal to F1/A1, i.e., the force on the small 
piston divided by the area of the small piston. The same pressure acts on the large 
piston because the liquid transmits pressure equally in all directions. Because A2 > 
A1, the force on the large piston is much larger than the force on the small piston. 
The small piston in Figure 2.1 can be considered to be a simple hydraulic pump, 
while the large piston can be considered to be a hydraulic actuator. 
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The jack described in Figure 2.1 is an example of a positive displacement system. It 
has positive displacement because each movement of the small piston displaces a 
definite quantity of liquid and forces a corresponding movement of the large piston. 
The movement of the large piston is independent of the load on it. The final 
important principle of hydraulic systems is illustrated in Figure 2.2 Any flow of 
liquid through a pipe or orifice is accompanied by a reduction in liquid pressure. 
Figure2.2a shows that the pressure is constant throughout the system because the 
liquid is not flowing. Figure 2.2b shows that the pressure is lower to the right of the 
orifice because the liquid is flowing from left to right 
 
 
 
 
Figure 2.1: A positive-displacement hydraulic system (Jack) 
 
. 
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Figure 2.2:  Pressure drops occurring as oil flows through a pipe 
 
2.3. Hydraulic System Components 
 
The Hydraulic system components include pumps, motors, cylinders, valves, 
orifices, lines, reservoirs, filters, accumulators, coolers. 
 
2.3.1. Hydraulic Pumps 
 
The three basic types of hydraulic pumps are gear pumps, vane pumps, and piston 
pumps. In each case, the pump converts mechanical power at the pump shaft into 
hydraulic power at the pump outlet. 
 
2.3.1.1 Gear and Vane Pumps 
 
The gear pump and van pump are illustrated in Figure 2.3 and 2.4, respectively, are 
examples of fixed-displacement pumps. The schematic symbol for each of these 
pumps has a small arrow indicating that oil is being forced out of the pump. The 
pump displacement is the theoretical volume of oil the pump can deliver per 
revolution of the pump shaft. In the gear pump of Figure 2.3, the displacement is 
equal to the volume of space between two gear teeth and the housing, multiplied by 
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the total number of gear teeth on both gears. The top gear in Figure 2.3 is driven by 
an external shaft (note the locking key in the top shaft) and, in turn, drives the lower 
gear. Oil flowing into the inlet port on the left is carried to the outlet port in the tooth 
spaces; the meshing of the gears blocks the tooth spaces and prevents the oil from 
flowing back to the inlet port through the middle. In Figure 2.4, the rotor turns 
counterclockwise (ccw); centrifugal force keeps the vanes in the rotor slots in contact 
with the housing and oil is carried from the inlet to the outlet in the spaces between 
the moving vanes. The displacement of both the gear and the vane pumps is fixed 
when the pumps are manufactured and cannot be changed. Thus, these pumps are 
said to have fixed displacement. 
 
Figure 2.3: A gear Pump 
 
Figure 2.4: A vane Pump 
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2.3.1.2 Axial Piston Pumps 
 
There are two types of piston pumps: axial and radial piston pumps. A radial piston 
pump shown in Figure 2.5 has pistons that move perpendicular to the pump axis. The 
pump shown in Figure 2.6 is called an axial piston pump because the pistons move 
parallel to the axis of rotation. The pistons are carried in a rotating cylinder barrel. As 
the piston shoes slide along the cam plate, the angularity between the drive shaft and 
the barrel forces the pistons to reciprocate in their bores. As the pistons move out of 
their bores on the left side of the barrel, oil is drawn in through the inlet port and the 
valve plate slot on the left. Along the right side, as the pistons move back into their 
bores, oil is forced out through the valve plate slot and outlet port on the right. This 
pump has fixed displacement because the angle between the drive shaft and barrel is 
fixed. The displacement is equal to the area of each piston times the piston stroke 
times the number of pistons. Similar pumps are available in which the angularity can 
be controlled to vary the pump displacement. The latter pumps are called variable 
displacement pumps. If the pump of Figure 2.6 had variable displacement, the 
schematic symbol would be drawn with an arrow through it. 
 
 
Figure 2.5: A Radial Piston Pump 
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Figure 2.6: A fixed-displacement axial piston pump 
 
Figure 2.7 illustrates an axial piston pump with variable displacement. The arrow 
through the schematic symbol indicates variable displacement. The swash plate can 
be tilted to control the displacement. Because of the heavy forces on the swash plate, 
internal hydraulic cylinders are used to control the tilt. With the swash plate tilted as 
shown and with shaft rotation as indicated by the arrow, the pump would be at  
maximum displacement to deliver oil through a valve plate slot and port on the side 
of the pump facing out of the page. With the swash plate tilted full ccw, the pump 
would be at maximum displacement to deliver oil through a valve plate slot and port 
on the side of the pump facing into the page, i.e., the oil flow direction would be 
reversed. If the swash plate were at zero tilt, i.e., perpendicular to the drive shaft, the 
pump displacement would be zero. 
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Figure 2.7: A variable-displacement axial piston pump 
 
 
2.3.1.3 Pump Delivery 
 
The theoretical delivery from any hydraulic pump can be calculated by  
 
                                               
1000
pp
pt
ND
Q                                                        [2.1] 
 where  Q pt = theoretical pump delivery, L/min. 
D p = pump displacement, cm
3
/rev. 
N p = pump speed, rpm. 
 
Pump delivery is actually less than the theoretical amount because of internal leakage 
from the outlet port back to the inlet port. Thus, pumps have a volumetric efficiency, 
defined as: 
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pt
pIpt
Pt
pa
pv
Q
QQ
Q
Q 
                                             [2.2] 
 where  ηpv = pump volumetric efficiency, decimal 
Q pa = actual pump delivery, L/min 
Q pl = pump internal leakage, L/min 
 
2.3.1.4  Pump Torque 
 
The theoretical torque required to turn a pump shaft can be calculated using 
 
                                                  
2
pp
pt
D
T

                                                  [2.3] 
 where Tpt = theoretical pump torque, N.m 
∆p = pressure rise across the pump, MPa 
 
Internal friction causes the actual torque demand to be greater than theoretical. Thus, 
the pump has torque efficiency, defined as: 
 
                                      
pfp
pt
pa
pt
pt
TT
T
T
T
t

                                                   [2.4] 
 
 where   ηpt = pump torque efficiency, decimal 
      Tpa = actual pump torque, N.m 
      Tpf = pump friction torque, N.m 
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2.3.1.5 Pump Power 
Hydraulic power is the product of pressure and flow rate. Across a circuit with the 
same flow in as out, the power change with units correctly converted is 
                                      
60
pQ
h
P

                                                [2.5] 
 where   Ph = hydraulic power, kW 
Q = flow through device, L/min 
∆p = pressure rise or drop across device or circuit, MPa 
 
The actual pump power is the power delivered to the pump shaft by the prime mover     
(usually an engine or an electric motor) and can be calculated using Equation 2.4 in 
off road vehicles text book (
60000
2 Eb
b
NT
P

 ).  
 
The actual power into the pump is greater than the theoretical (hydraulic) power 
Out put because of pump friction and internal leakage. The pump power efficiency is 
 
                                                ptpv
ps
ph
pp
P
P
                                      [2.6] 
 where   ηpp = pump power efficiency, decimal 
Pph = hydraulic power from pump, kW 
Pps = shaft power into pump, kW 
 
It can be shown that the power efficiency of a pump is equal to the product of its 
volumetric and torque efficiencies. 
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2.3.2 Hydraulic actuators 
 
A hydraulic actuator is a device for converting hydraulic power into mechanical 
power. There are two types of actuators, rotary and linear. Rotary actuators are called 
hydraulic motors, while linear actuators are called hydraulic cylinders. 
 
2.3.2.1 Hydraulic Motors 
 
Hydraulic motors are similar in appearance to hydraulic pumps. If care is taken to 
avoid damaging the seal, pumps and motors can often be used interchangeably. For 
example, if a gear pump is unidirectional because the pump seal is vented to the 
input port, the same device can be used as a hydraulic motor if the direction of 
rotation is reversed so that the port to which the seal is vented becomes the outlet 
port. 
 
The theoretical speed of a hydraulic motor is calculated using a variation of Equation 
2.1 as follows: 
 
                                                         
m
ma
mt
D
Q
N
1000
                                        [2.7] 
   where   Nmt = theoretical motor speed, rpm 
   Qma = liquid flow rate into the motor, L/min 
    Dm = motor displacement, cm
3
/rev 
 
Internal leakage from the inlet port to the outlet port causes the actual motor speed to 
be less than the theoretical speed. The volumetric efficiency of a motor is defined as 
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ma
mIma
mv
Q
QQ 
                                                [2.8] 
 where   ηmv = motor volumetric efficiency, decimal 
Nma = actual speed of motor, rev/min 
Qml = internal leakage in motor, L/min 
 
The equation for calculating the theoretical torque produced by a motor is similar to 
Equation 2.3, except that the p-subscripts are replaced by m, i.e. 
 
                                                
2
mp
mt
D
T

                                                        [2.9] 
 where  Tmt = theoretical torque from motor, N.m 
  ∆p = pressure drop across motor, MPa  
 
Internal friction causes the actual torque production to be less than the theoretical 
torque. Motor torque efficiency is  
 
                                        
mt
mfmt
mt
ma
mt
T
TT
T
T 
                                                [2.10] 
 where  ηmt = motor torque efficiency, decimal 
Tma = actual motor torque, N.m 
Tmf = motor friction torque, N.m 
 
Equation 2.5 is valid for calculating the hydraulic power into a motor, given the 
actual flow into the motor and the pressure drop across the motor. The actual shaft 
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power out of the motor can be calculated using Equation 2.4. An equation similar to 
Equation 2.6 can be used calculate the power efficiency of a hydraulic motor, i.e.: 
 
                             mtmv
mh
ms
mp
P
P
                                                          [2.11] 
where  ηmp = power efficiency of motor, decimal 
Pms = shaft power into motor, kW 
Pmh = hydraulic power into motor, kW 
 
2.3.2.2 Hydraulic Cylinders 
 
A cutaway of a double-acting hydraulic cylinder is shown in Figure 2.8 When oil is 
forced into the port on the left, the cylinder is forced to extend while expelling oil 
from the port on the right. Conversely, the cylinder retracts and expels oil from the 
port on the left when oil is forced into the port on the right. The force generated by a 
cylinder is 
 
                                             
10
2211 APAPFc

                                                  [2.12] 
where Fc = force exerted by the cylinder rod, kN 
A1 = area of piston face, cm
2
 
A2 = area of piston face minus area of rod, cm
2
 
p1 = pressure acting on A1, MPa 
p2 = pressure acting on A2, Mpa  
 
  
22 
 
Figure 2.8: A double-acting hydraulic cylinder 
 
 When p1A1 > p2A2, the cylinder extends and Fc is positive. When p1A1 < p2A2, Fc is 
negative and the cylinder retracts. The cylinder speed can be calculated using the 
following equation: 
 
                                      
A
Q
Vc
6
                                                                    [2.13] 
   where   Vc = cylinder speed, m/s 
   A = area on which inflowing oil acts, cm
2
 
The factor 6 is a unit's factor to allow the use of more convenient units in the 
equation. 
 
2.3.3 Hydraulic Orifices 
 
There may be occasions in hydraulic circuit design when it is necessary to restrict 
flow to some segment of the circuit and/or to create a pressure differential. Both of 
these goals can be achieved by use of a hydraulic orifice. Equation 2.14, the standard 
orifice equation, can be used to calculate the flow rate corresponding to a given 
pressure drop across an orifice. If means are available to measure the pressure drop, 
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the orifice can be used as a flow meter. Alternatively, by solving Equation 2.14 for 
pressure drop, one can calculate the pressure drop resulting from any given flow 
through the orifice. 
.                                   

p
ACQ od

 68.2                                                      [2.14] 
 where   Q = flow through orifice, L/min 
Cd = orifice coefficient, dimensionless 
Ao = cross sectional area of orifice, mm
2
 
∆p = pressure drop across orifice, MPa 
ρ = fluid density, kg/L 
 
The constant, 2.68, is a unit constant to allow use of more convenient units in the 
equation, and the orifice coefficient is often assumed to be equal to 0.6. 
 
2.3.4. Hydraulic Valves 
 
Valves are used in hydraulic circuits to control pressure, volume flow rate, and 
direction of flow. Accordingly, valves are classified as pressure, volume, or 
directional control valves. Flow control valve is a commonly used alternate name for 
volume control valve. 
 
2.3.4.1 Pressure Control Valves 
 
The most common type of pressure control valve is the pressure relief valve, which is 
used to limit the pressure in a hydraulic circuit to a safe level. In a hydraulic circuit 
in which flow is supplied by a fixed-displacement pump, for example, the pump may 
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continue to produce flow even when an actuator is stalled and incapable of accepting 
flow. In the absence of a pressure relief valve, the pressure would climb rapidly until 
the circuit ruptured at some point and provided an escape path for the flow. A 
pressure relief valve prevents such ruptures by providing a flow path back to the 
reservoir when the pressure reaches the pressure setting of the relief valve. A direct-
acting pressure relief valve is illustrated in Figure 2.9. The inlet port is normally teed 
into the line from the pump to the directional control valve. When the cracking 
pressure is reached, i.e., when the pressure is high enough to lift the ball from the 
seat and compress the spring, oil can flow from the inlet port to the outlet port. An 
unloading valve, illustrated in Figure 2.10, is used to unload the pump when the 
pressure at some point in a hydraulic circuit reaches a desired level. When the 
pressure at the sensing port reaches that level, the plunger is pushed back against the 
spring until the groove in the plunger aligns with the inlet and outlet passages, thus 
allowing the pump to discharge freely to the reservoir. The unloading valve could be 
used as a pressure-relief valve by connecting the sensing port to the pump port. 
 
 
 
Figure 2.9: A direct-acting pressure relief valve 
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Figure 2.10: An unloading valve 
 
The flow through the relief valve causes a substantial power loss which can be 
calculated using Equation 2.5. Because the lost power is converted to heat, it is 
important to minimize such power losses. One way of doing so is by use of a pilot-
operated pressure relief valve, as illustrated in Figure 2.11. The small relief valve (3) 
opens when the cracking pressure is reached and allows oil to flow from the small 
drain at the top to the reservoir. The resulting flow through passage (1) causes a 
pressure differential across the piston (6), and the pressure imbalance across the 
piston causes it to move upward to compress the large spring (5), thus opening a 
passage to the large outlet. As a result, the pilot-operated pressure relief valve has a 
much smaller pressure override than a direct-acting pressure relief valve. 
 
Figure 2.11: A pilot-operated pressure relief valve 
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2.3.4.2 Volume Control Valves 
 
Volume or flow control valves are used to regulate speed. The speed of an actuator 
depends on how much oil is pumped into it per unit of time. It is possible to regulate 
flow with a variable displacement pump, but in many circuits it is more practical to 
use a fixed displacement pump and regulate flow with a volume control valve. 
 
 Two types of volume control valves are shown in Figures 2.12 and 2.13. The 
pressure-compensated throttling valve regulates flow to the outlet port regardless of 
pressure variations in the downstream circuit. If pressure at the outlet port decreases, 
resulting in a momentary increase in pressure drop across the orifice and increased 
flow, the pressure change causes the spool to move to the right to further restrict and 
limit the flow. Conversely, if the outlet pressure rises, the spool moves to the left. 
The hand knob permits the user to adjust the orifice size to set the metered flow rate. 
Note the schematic symbol, which includes PC to indicate pressure compensation 
and an arrow to indicate that the metered flow rate can be adjusted. A simple hand 
valve could also meter flow but it would not be pressure compensated, i.e., the flow 
rate would be affected by pressure variations in the circuit. 
 
Note that the throttling valve of Figure 2.12 would not be suitable if the inlet flow 
was supplied by a fixed-displacement pump. If the pump was supplying too much 
flow, the spool would move to the right to block the flow, causing even higher 
pressure at the inlet and causing the spool to move even further to the right. The 
throttling valve would close completely, forcing the pump to discharge through a 
relief valve with the consequent loss of hydraulic power. The flow divider valve of  
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Figure 2.12: An adjustable pressure–compensated throttling valve 
 
 
 
Figure 2.13: An adjustable pressure-compensated flow divider valve 
 
(figure 2.13) can be used with a fixed-displacement pump. Note that when the spool 
in the flow divider valve moves to the right to reduce flow to the outlet port, a bypass 
port opens to pass the excess flow. The flow divider valve is also pressure 
compensated. The flow divider valve is also called a priority valve. 
 
2.3.4.3 Directional Control Valves  
 
Directional valves, as the name implies, are used to control the direction of flow. 
Figure 2.14 illustrates a directional control valve (DCV). This DCV is a four-port 
device, i.e., it has four connections to the hydraulic circuit. One port connected to the 
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pump, another to the reservoir (tank) and there are two work ports connected to the 
circuit to be controlled. This is also a three-position valve, i.e., the spool has three 
possible positions, left, centered or right. Figure 2.14 also illustrates a closed-center 
valve, i.e., all ports are blocked when the spool is centered. If a hydraulic cylinder 
was connected to the work ports, the cylinder might extend when the DCV spool was 
moved to the left, hold in position when the spool was centered, and retract when the 
spool was moved to the right. A variable-displacement pump is ordinarily used to 
supply oil to a closed-center DCV; then, when the DCV spool is centered, the pump 
reduces its delivery to zero. If a fixed-displacement pump supplied the oil to a closed 
center DCV, the system relief valve would have to open when the DCV spool was 
centered, and all of the hydraulic power from the pump would be converted into heat. 
 
An open-center DCV is illustrated in Figure 2.15. Its operation differs from the 
closed-center DCV only when the spool is centered. The open-center DCV could be 
used with a fixed-displacement pump because the pump could discharge freely to the 
reservoir when the DCV spool was centered. If a hydraulic cylinder was connected to 
the work ports, however, the cylinder would not hold in position when the DCV 
spool was centered, i.e., the cylinder position would be free to float. 
 
 
Figure 2.14:  A closed-center directional control valve (DCV)  
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Figure 2.15: An open-center directional control valve 
 
A tandem-center DCV is illustrated in Figure 2.16. When the spool is centered, the 
work ports are blocked but the pump can discharge freely to the reservoir. The valve 
of Figure 2.16 is also a tandem-center DCV, but it has two spools for control of two 
separate hydraulic circuits. It would be classified as a six-port, three-position, 
tandem-center DCV. Studying the dual DCV will show that the pump can discharge 
freely to the reservoir when both spools are centered, but moving either spool off 
center will block the free passage of oil to the reservoir. When the free passage is 
blocked, oil pressure can build up to move the load connected to the actuators. 
 
The schematic symbols for the DCVs may suggest that the passages to the work 
ports are either fully open or fully closed. However, through careful movement of the 
spool, the operator can control the volume of flow through the work ports and thus 
control the speed of the actuator. The flow versus pressure differential relationship in 
the DCV is governed by orifice Equation 2.14. 
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There are a wide variety of DCVs available to the hydraulic circuit designer. They 
differ as to the number of ports, the number of spool positions, center conditions 
(Figure 2.17) and as to the means of moving the spool. The DCVs of Figures 2.14 
and 2.15 each show a handle to allow the operator to move the spool manually. The 
DCV of Figure 2.14 has springs at each end of the spool to keep the spool centered 
until the operator moves it using the handle. Some DCVs are equipped with 
solenoids to allow control of the spool movement from a location remote to the 
DCV. It is not feasible to show all of the possible DCVs in this thesis, but the three 
that were illustrated are among the most widely used in off-road equipment. 
 
 
 
 
Figure 2.16: A tandem-center directional control valve stack 
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Figure 2.17 Various Center Conditions for Four Way Valves 
 
2.3.5   Hydraulic Lines, Filters, Reservoirs, Accumulators, Coolers, and Fluids 
 
While not closely tied to the logic of a hydraulic circuit, hydraulic lines, filters, 
reservoirs, and fluids are essential to the proper functioning of the circuit. Hydraulic 
accumulators provide a means of potential energy storage. In many cases, oil coolers 
are necessary. 
 
2.3.5.1 Hydraulic Lines 
 
Hydraulic lines, or conduits, are used to transfer hydraulic fluid between 
components. Typically, rigid lines are made from steel, while flexible lines are made 
from wire-reinforced rubber. In either case, there are two primary considerations in 
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designing each line. The line must be strong enough to withstand the maximum 
pressure to which it will be subjected, and large enough to convey the hydraulic fluid 
without excessive pressure drop. Manufacturers of hydraulic hoses normally specify 
the limiting pressure rating of their hoses. For a line made of steel or other 
homogeneous material, the maximum allowable pressure is limited by the hoop 
stress, i.e., the stress that would cause rupture along a line parallel to the centerline of 
the conduit. The allowable pressure is 
 
                                 
d
tS
P des
2
max                                                              [2.15] 
where  pmax = maximum allowable pressure, MPa 
  t     = wall thickness of conduit, mm 
  d     = conduit diameter, mm 
  Sdes = design stress for conduit material, MPa 
 
 The steel hydraulic lines and rubber hoses used in off-road vehicles can be classified 
as smooth conduits. The flow in the lines can be either laminar or turbulent, 
depending upon the Reynolds number. Equation 2.16 can be used to calculate the 
Reynolds number for a line if do is taken as the inner diameter of the line. 
 
                                           

 oodv
310
Re                                                      [2.16] 
where  Re =Reynolds number, dimensionless 
ρ = fluid density, kg/L 
vo = fluid velocity through orifice, m/s 
do = orifice diameter, mm 
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µ = dynamic viscosity of fluid, MPa.s 
The unit's constant, 10
3
, was inserted to allow use of more convenient units in the 
equation. 
     
 Figure2.18 illustrates that the flow is laminar for Reynolds numbers below 2500, 
fully turbulent for Reynolds numbers above 4000 and transitional for intermediate 
Reynolds numbers. In hydraulic circuits on off-road vehicles, flow velocities in the 
conduits are usually high enough to produce turbulent flow. 
 
 
 
 
Figure 2.18: Pressure drops in hydraulic conduits for oil with specific gravity of 
0.85 and dynamic viscosity of 27.6  mPa.s 
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2.3.5.2 Filters 
 
Clearances between mating parts in some hydraulic components are 10 µm or less, 
and if particles of that size or larger pass between the mating parts, severe damage 
can result. Thus, filters are used to remove solid particles. 
 
2.3.5.3 Reservoirs 
 
Every hydraulic system includes a reservoir to supply hydraulic fluid to the pump 
and to provide storage for fluid returning from the hydraulic circuit. The reservoir 
must have sufficient volume to allow the returning fluid sufficient resident time to 
cool and to allow air to escape before the fluid re-enters the pump. If the reservoir 
cannot provide sufficient cooling, an oil cooler may be needed. The line supplying 
the pump must be below the fluid level in the reservoir to prevent air entry into the 
line. Although the return line could be above the fluid level, it is normally also below 
fluid level in the reservoir to prevent air entrainment and foaming of the fluid. The 
reservoir designer can use careful placement of the two reservoir ports and baffles, if 
necessary, to prevent the returning fluid from immediate entry into the pump port; 
otherwise, the fluid would not have time to cool. Finally, reservoirs normally operate 
at atmospheric pressure and thus are vented to the atmosphere. The vent must have a 
filter to prevent dust entry into the reservoir. 
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2.3.5.4. Hydraulic Accumulators 
 
A cross-sectional view of a hydraulic accumulator is shown in Figure 2.19, along 
with the NFPA symbol for an accumulator. An inert gas above the diaphragm is 
compressed when hydraulic fluid is forced into the space below the diaphragm. The 
ideal gas law describes the compression and re-expansion of the inert gas. The 
compressed gas represents potential energy that can be re-converted into hydraulic 
energy when needed. For example, the stored energy could be used for emergency 
powering of power brakes or power steering during engine failure. Because the 
compressed gas provides cushioning, an accumulator can also be used as a shock 
absorber to reduce maximum stresses when the system is subjected to unusual loads.  
 
 
Figure 2.19:  A hydraulic accumulator 
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2.3.5.5 Oil Coolers 
 
If the reservoir volume is too small to allow sufficient cooling of the hydraulic fluid, 
an oil cooler may be used. Typically, the oil cooler is a liquid-to-liquid heat 
exchanger that transfers heat from the hydraulic fluid to the engine coolant. 
Alternatively, a liquid to air intercooler can be used in which the heat exchanger 
transfers heat from the hydraulic fluid to the ambient air. 
 
2.3.5.6. Hydraulic Fluids 
 
Selection and care of the hydraulic fluid for a machine will have an important effect 
on how it performs and on the life of the hydraulic components. The hydraulic fluid 
has four primary purposes: 
 Transmit power. 
 Lubricate moving parts. 
 Seal clearances between parts. 
 Cool or dissipate heat. 
 
The most important property of a hydraulic fluid is its viscosity. Viscosity is the 
measure of the fluids resistance to flow, if a fluid flows easily, its viscosity is low 
and vice versa. Manufacturers generally recommend fluid viscosities between 12 and 
48 MPa.s at operating temperature. Oil viscosity is highly dependent on temperature, 
but the reduction in viscosity at high temperatures is less for oils with a high 
viscosity index. 
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2.4 Types of Hydraulic Systems 
 
Most off-road vehicles have live hydraulic power, i.e., the hydraulic pump is driven 
directly by the engine so that hydraulic power will be available whenever the engine 
is running. When no hydraulic power is needed, the hydraulic system is said to be in 
standby. When the system is in standby, any power input to the pump is converted to 
heat. Thus, means must be found to reduce the standby power to near zero. As 
Equation 2.5 shows, there are three different methods to reduce standby power to 
near zero and each of these has led to a different type of hydraulic system. In an open 
center (OC) system, the pump pressure is reduced to near zero during standby. In a 
pressure-compensated (PC) system, the flow is reduced to near zero during standby. 
In a pressure-flow-compensated (PFC) system, both the pressure and flow are close 
to zero during standby. PFC systems are also called load-sensing (LS) systems. In the 
discussions that follow, each type of system is illustrated with two DCVs for use in 
controlling up to two actuators simultaneously. In practice, more than two DCVs 
could be used; only two were shown for simplicity. 
 
2.5 Standard Symbols 
 
The logic of a hydraulic component can be conveyed through a cutaway drawing, but 
preparation of such drawings would be laborious. A Joint Industry Conference of the 
fluid power industry developed a set of JIC symbols to convey the logic of hydraulic 
circuits just as the symbols for batteries, resistors, capacitors, etc., convey the logic 
of electric circuits. Hydraulic circuit symbols were later standardized by the NFPA 
and by the International Standards Organization (ISO). Appendix A  
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CHAPTER III 
 
MATERIAL AND METHODS 
 
The hydraulic trainer bench in this research was proposed to upgraded and complete the 
already department’s developed bench that contained basic components of hydraulic 
systems. The new proposed comprehensive trainer bench consisted of steering circuit, 
linear actuator circuit and rotary actuator circuit. The overall criteria of this proposed 
trainer bench were:  
 
1.  Simple in design, construction and operation. 
2. Completely integrated system capable to be used for educational purposes.  
3. Easy mobility and maintainability for various circuits components.  
4. Low cost within the reach of the department in Sudan. 
5. Use to inspection small hydraulic actuators. 
6. Diagnostic tool for hydraulic systems. 
  
The proposed trainer bench was based on three main circuits namely linear actuator 
circuit, rotary actuator circuit and steering circuit.  
 
3.1 Linear Actuator Circuit Description: 
The hydraulic linear actuator circuit was designed to actuate linear hydraulic piston (see 
Figure 3.1. The system consisted of a gear pump driven by 7 hp,3 phase electric motor, 1 
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unit of double acting cylinder 200 mm stroke with 34 mm cylinder bore,1set of heat 
exchanger, 1 set of manual operated valve, 4 ways-3 positions, hydraulic pressure gauge, 
filter and reservoir. Two sets of relive valves were used to limit the pressure in a 
hydraulic circuit to a safe level.  1set of check valve and 1 sets of restrictor was also used 
to regulate the fluid rate to cylinder and so give speed control, hydraulic hoses of 0.5 inch 
diameter.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: Linear actuator circuit 
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3.1.1 Linear Actuator Circuit Components 
 
3.1.1.1 Prime mover 
The selected prime mover was an electric motor, three phase working at constant speed of 
1400 rpm and having maximum power of 7 hp. The prime mover used in hydraulic circuit 
represented the source of power and it’s used to drive the hydraulic pump.  
 
3.1.1.2 Pump 
The hydraulic pump selected was gear pump model GHP2-D-20 fixed displacement of 
14.1 cm
3
/rev, working pressure and speed of 150 bar, and 1400 rpm, respectively and   
having maximum pressure of 260 bar and maximum speed of 4000 rpm.  The pump was 
driven by electrical motor.  
 
3.1.1.3 Heat Exchanger 
The cooling system was selected based on IBS liquid to air heat exchanger having 
dimensions of 35cm in length, 35cm width and 6 cm thickness and incorporated with fan 
of diameter of 30cm. Type L series aluminum exchanger with DC fan made for low-
medium power and flow and maximum working temperature of 120 C
0
. Figure (3.2) 
illustrates heat exchanger. 
 
A liquid to air intercooler can be used in which the heat exchanger transfers heat from the 
hydraulic fluid to the ambient air, the most important property of hydraulic fluid is its 
viscosities. Oil viscosity affected by temperature; any reduction in oil viscosity refer to 
the high temperature then viscosity control is important because pump and motor 
efficiencies depend on viscosity. 
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Figure 3.2: Heat exchanger 
 
3.1.1.4 Reservoir 
The reservoir was designed to supply fluid to pump and provide storage for fluid 
returning from the hydraulic circuit through three ports (supply the pump, return from 
actuator, and return from relief valve). The selected reservoir had dimensions of 57cm 
length, 30cm width, and 33.8cm height. The estimated reservoir was 57.8L (12.8 gal), and 
was deep and narrow to reduce the possibility of vortex effects and improves heat 
dissipation. The pump suction penetration should be located above the bottom of the tank 
to prevent settled contaminates entering the pump. Return oil should be filtered before the 
pump suction. Ideally installation should be locate above the pump so that the pump inlet 
is always flooded this improve the pump suction conditions.  Recommended reservoir 
fluid volume was recommended to be 3 to5 times the pump flow rate L/min with 10% air 
cushion. A sight gauge fixed on tank to measure the oil level.  
 
3.1.1.5 Relief valve 
The selected relief valve was adjustable pressure relief valve model ARE, direct operated 
normally closed, size 8 port 1/4 in BSP having working pressure range of 15 to 350 bar. 
The pressure relief valve necessarily found in any hydraulic circuit, because is used to 
limit the pressure in hydraulic circuit to safe level. Figure (3.3) illustrates the relief valve. 
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Figure 3.3: Relief valve 
 
 
3.1.1.6 Check valve 
The selected check valve was model ADR, threaded connections, cracking pressure 0.5 
bar, in-line mounting, Size and ports dimensions 16-1/2 in BSP, installed in-line between 
pump and directional control valve and permitted the flow in one direction and prevents 
the reversible flow. Figure (3.4) illustrates the check valve. 
 
3.1.1.7 Directional control valve (DCV) 
The selected control valve  was a directional control valve model DH-00, 4 ways, 3 
positions, close center having facility to be hand or mechanical operated. DCV used to 
control in flow direction from pump line to hydraulic linear actuator (cylinder). Figure 
(3.5) illustrates the directional control valve. 
 
 
 
Figure 3.4: Check valve 
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Figure 3.5: Directional control valve. 
 
3.1.1.8 Variable Orifice 
The selected variable orifice was one flow control valve, type AQFR, in line mounting-
from 3/8 - 1/4 in BSP threaded port. Maximum recommended flow was 50 L/min, having   
size and ports dimensions 16-1/2 in BSP.  The variable orifice was installed between 
DCV valve and linear actuator (cylinder) to control the motor speed. Figure (3.6) 
illustrates the variable orifice. 
 
3.1.1.9 Hydraulic cylinder 
The selected hydraulic actuator was double acting cylinder having piston diameter of 
50mm, rod diameter of 28 mm and stroke of 200 mm. The hydraulic cylinder was 
calibrated with spring of 3tons in capacity. Figure (3.7) illustrates hydraulic cylinder.  
 
 
 
Figure 3.6: Variable orifice. 
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3.1.2 Computation of Hydraulic Pump Performance  
Pump performance included pump delivery, drive power, torque at pump shaft, input 
power, and hydraulic power and torque efficiency.  The used pump had displacement of 
14.1 cm
3
/rev at driven of 1400 rpm and maximum pressure of 150 bar. The pump had 
volumetric efficiency and overall efficiency of 85% to 97%, and 80% to 90%, 
respectively. 
 
Pump delivery in the proposed bench can be calculated by the following formula:  
                                
1000
**. pppvol
P
ND
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
                                                              [3.1] 
where         
                  Qp = pump delivery, L/min 
      DP = Displacement of pump, cm
3
/rev 
      np = pump speed, rpm 
      vol.p = Volumetric Efficiency, 0.85 – 0.97. 
Using a pump of 14.1 cm
3
/rev displacements, pump speed of 1400 rpm and average 
volumetric efficiency of 91%, the computed pump delivery is 17.96 L/min. 
The drive power of pump was calculated of by the following formula: 
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                                                             [3.2] 
where       
              PEL    =  Motor electrical power, kW  
                 p     = operating pressure, bar  
                 DP  =  pump displacement, L/min   
                overall = pump overall efficiency, (0.8 – 0.9) 
                np= pump speed, rpm 
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Having the pump displacement of 14.1 cm
3
/rev,  maximum working pressure of 150 bar, 
pump speed of 1400 rpm, the average overall efficiency 85% , the computed drive power 
was drive power is 5.8 kW (7.7 hp). 
 
The torque at pump shaft is given by the following formula: 
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2
                                                                            [3.3] 
where   
              Tp = Torque at pump shaft, N.m    
   Dp = pump displacement, cm
3
/rev 
              Pp = operating pressure, bar 
              overall = pump overall efficiency, 0.8 – 0.9 
Considering pump displacement of 14.1 cm
3
/rev, maximum working pressure of 150 bar, 
pump overall efficiency, the computed torque at pump shaft is 396.014 N.m 
 
Pump hydraulic power can be calculated by the following formula: 
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P PHY
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                                                                      [3.4] 
 
where       
 
                Qp= flow rate of pump, L/min 
                  P = pump pressure, bar 
Considering pump flow rate of 17.96 L/min and pump pressure of  150 bar, the computed 
hydraulic power computed is 4.49 kW (5 hp).  
The pump input power can be calculated by the following formula:  
 
Overal
HP
IN
P
P

                                                                    [3.5] 
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Knowing the pump hydraulic power of 4.49 kW, and average overall efficiency of 85%, 
the computed input power was 5.282 kW (7.08 hp). 
  
The torque efficiency of the pump can be calculated by the following formula:  
                                                 
v
overal
T


                                                                      [3.6] 
Consider the pump average overall efficiency of 85% and pump average volumetric 
efficiency of 91%, the computed torque efficiency of the pump is 93.4%. 
 
 
The main problem in the hydraulic circuit in Sudan was oil overheating due to harsh 
working environment.  There were two scenario followed to solve problem.  
 Addition cooling system by using heat exchanger 
 Increasing the capacity of the tank  
For simplicity and ease of designing and manufacturing increasing reservoir size was 
proposed.   
3.1.3 Reservoir Size and Heat Exchanger  
The computation of the increase in the reservoir capacity for the proposed tank was based 
on determination of total power losses in the circuit.  Accordingly, operational heat load 
is equal to the total power losses of the hydraulic system, which can be expressed as:  
  
                       ACTPLUVALPT
PLPLPLPLPL                                                         [3.7] 
where 
             PLT    = total power losses.  
             PLP     = power losses in pump. 
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             PLVAL = power losses in valves. 
             PLPLU = power losses in plumping. 
             PLACT = power losses in actuators. 
 
In practice the total power loss of a system cannot be accurately calculated due to the 
number of unknown variables.  As a rule of thumb for heat dissipated equal to total power 
losses, which is equal to 25% of the input power for most adequate systems. Determining 
the size of the hydraulic tank required to increase the area of heat exchanging between 
hydraulic fluid and air. Where heat dissipated from the tank is a critical factor, this can be 
calculated by a basic formula: 
 
                                                     6.3..  TAhH                                                  [3.8] 
 where     
             H= the heat transferred (watts) 
              h= the transfer coefficient  
              A= the surface area m
2
 
          ∆T= the temperature differential C° 
 
For a vertical plate of height L,  
                     4/1)(42.1
L
T
h

  
For a horizontal plate of width W,  
                     
4/1)(32.1
W
T
h

  
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3.1.4 Hydraulic Cylinder Calculation 
Hydraulic cylinder calculation included effective area, bore diameter, piston rod diameter 
of the cylinder. The exerted force on the proposed hydraulic cylinder was based on a 
spring having a capacity of 3 Ton.  For double acting cylinders, if the desired force is 
required from the cylinder in retraction. The effective area equals annulus area will equal 
the piston area minus the piston rod area. The cylinder effective area can be calculated by 
the following formula:   
                              
MP
F
A


10
                                                                [3.9] 
where  
                A =   effective area, cm
2
 
                F =   cylinder force, N 
               P = pressure difference across cylinder ports, bar 
               M = mechanical efficiency (0.85 – 0.95) 
Having exerted force of 29,430 N (3 Tons), oil pressure difference of 150 bar, mechanical 
efficiency of 90%, the computed effective area is 21.8 cm
2
. 
 
The piston diameter of the proposed cylinder can be calculated by the following:  
 
                                            
00785.0
A
DP                                                                 [3.10]  
where        
                DP    = piston diameter of the cylinder, mm 
                A   = effective area, cm. 
Having cylinder effective area of 21.8 cm
2
, the computed piston diameter of the cylinder 
is 52.69 mm.   
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The piston rod in a hydraulic cylinder will act as a strut when it is subjected to a 
compressive load or it exerts a thrust.  Therefore the rod must be of sufficient diameter to 
prevent buckling. Euler’s strut theory is used to calculate a suitable piston rod diameter to 
with stand buckling.   The piston rod buckling with one end fixed can be expressed by the 
following Euler’s formula:  
                                       
2
2
L
EJ
K

                                                                        [3.11] 
 
                                   With  
2
CS
L                                                                       [3.12] 
 
where 
               K    =   buckling load, kg 
              E    =    modulus of elasticity, kg/cm
2 
 
              J     =    second moment of area of the piston rod, cm    
              L    =    free (equivalent) buckling length, cm 
   CS = cylinder stroke, cm 
Having piston buckling load of 3000 kg, modulus of elasticity of chromium rod of 
2.9106 kg/cm2, cylinder stroke of 200 mm, the computed second moment of inertia is 
0.021 cm
4
.  
 
The cylinder rod diameter can be calculated by the following formula: 
                                              
4
64

J
d 
                                                                      
[3.13] 
 
   
50 
Having second moment of inertia of the rod of 0.021 cm
4
, the computed cylinder rod 
diameter is 8 mm. 
 
 
Figure 3.7 Hydraulic Cylinder 
 
Based on the computed cylinder piston diameter of 52.8 mm and cylinder rod diameter of 
8 mm and the Standard tabulated cylinder bore and rod size (BSP: 5785  1980), the 
recommended piston diameter and rod diameter of the cylinder was selected to be 50 mm 
and 28 mm, respectively, for safer buckling load.(See Table 3.1).  
 
Table 3.1: Recommended cylinder bore and rod sizes. 
Piston Diameter  
(mm) 
40 50 63 80 100 125 140 160 180 200 220 250 280 320 
Piston 
rod     
Diamete
r (mm) 
Small 20 28 36 45 56 70 90 100 110 125 140 160 180 200 
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3.2 Rotary Actuator Circuit Description 
The hydraulic rotary actuator circuit was designed to actuate hydraulic motor (Figure 
3.8). The system consisted of a gear pump driven by 7 hp , 3 phase electric motor, 1 set of 
gear hydraulic motor, 1set of heat exchanger, 1 set of double solenoid valve 4 ways-3 
positions, hydraulic pressure gauge, filter and reservoir. Two sets of Relive valves were 
used to limit the pressure in a hydraulic circuit to a safe level. 1 set of check valve and 1 
set of restrictor were also used to regulate the fluid rate to motor and so give speed 
control, hydraulic hoses of 0.5 inch diameter. In addition, a hydraulic tester was also 
included.   
 
 
                          Figure 3.8: Rotary actuator circuit 
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3.2.1 Rotary Actuator Circuit Components 
 
3.2.1.1 Prime mover 
The selected prime mover was an electric motor, three phase working at constant speed of 
1400 rpm and having maximum power of 7 hp. The prime mover used in hydraulic circuit 
represented the source of power and it’s used to drive the hydraulic pump.  
 
 3.2.1.2 Pump 
The hydraulic pump selected was gear pump model GHP2-D-20 fixed displacement of 
14.1 cm
3
/rev, working pressure and speed of 150 bar, and 1400 rpm, respectively and   
having maximum pressure of 260 bar and maximum speed of 4000 rpm.  The pump was 
driven by an electrical motor.  
 
3.2.1.3 Heat Exchanger 
The cooling system was selected based on IBS liquid to air heat exchanger having 
dimensions of 35 cm in length, 35 cm width and 6 cm thickness and incorporated with fan 
of diameter of 30 cm. Type L series aluminum exchanger with DC fan made for low-
medium power and flow and maximum working temperature of 120 C
0
.  
 
A liquid to air intercooler can be used in which the heat exchanger transfers heat from the 
hydraulic fluid to the ambient air, the most important property of the hydraulic fluid is its 
viscosity. Oil viscosity affected by temperature; any reduction in oil viscosity refer to the 
high temperature then viscosity control is important because pump and motor efficiencies 
depend on viscosity. 
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3.2.1.4 Reservoir 
 
The reservoir was designed to supply fluid to pump and provide storage for fluid 
returning from the hydraulic circuit through three ports (supply the pump, return from 
actuator, and return from relief valve). The selected reservoir had dimensions of 57 cm 
length, 30 cm width, and 33.8 cm height. The estimated reservoir was 57.8 L (12.4 gal), 
and was deep and narrow to reduce the possibility of vortex effects and improves heat 
dissipation. The pump suction penetration should be located above the bottom of the tank 
to prevent settled contaminates entering the pump. Return oil should be filtered before the 
pump suction. Ideally installation should be locate above the pump so that the pump inlet 
is always flooded this improve the pump suction conditions. Recommended reservoir 
fluid volume was recommended to be 3 to5 times the pump flow rate L/min with 10% air 
cushion. A sight gauge fixed on tank to measure the oil level.  
 
3.2.1.5 Relief Valve 
 
The selected relief valve was adjustable pressure relief valve model ARE, direct operated 
normally closed, size 8 port 1/4 in BSP having working pressure range of 15 to 350 bar. 
The pressure relief valve necessarily found in any hydraulic circuit, because is used to 
limit the pressure in hydraulic circuit to safe level.  
 
3.2.1.6 Check Valve 
 
The selected check valve was model ADR, threaded connections, cracking pressure 0.5 
bar, in-line mounting, Size and ports dimensions 16-1/2 in BSP, installed in-line between 
pump and directional control valve and permitted the flow in one direction and prevents 
the reversible flow.  
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3.2.1.7 Directional Control Valve (DCV)  
 
The selected control valve was a directional control valve model 1DH-1, 4 ways, 3 
positions, double solenoid, close center having facility to be solenoid operated. External 
supply nominal voltage 110/50 AC, type of connector E-SA, power consumption 67 VA 
(6), code of spare coil (SP-COU-24DC/80), and colour of coil label is red. DCV used to 
control in flow direction from pump line to hydraulic rotary actuator (motor). Figure (3.9) 
shows the directional control valve. 
 
3.2.1.8  Flow Control Valve with Check Valve 
 
The selected variable orifice with check valve was one of flow control valve, Type 
AQFR, in line mounting-from 3/8 - 1/4 in BSP threaded port. Maximum recommended 
flow was 50 L/min, having   size and ports dimensions 16-1/2 in BSP.  The variable 
orifice was installed between DCV valve and rotary actuator (motor) to control the motor 
speed. Figure (3.10) shows the variable orifice. 
 
 
Figure 3.9: Directional Control Valve. 
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Figure 3.10: Variable orifice with check valve 
 
3.2.1.9 Hydraulic Motor 
 
The selected hydraulic actuator was gear motor (model BG -50) having two direction in 
rotation, displacement 45 cm
3
/rev ,maximum inlet pressure 165 bar, maximum operating 
pressure of 130 bar, maximum torque 8 N.m ,maximum flow of 60L/min, and maximum 
speed of 1220 rpm. Figure (3.11) shows the hydraulic motor. 
 
 
Figure 3.11: Hydraulic motor 
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3.2.2 Hydraulic Motor Computation  
 
The motor flow rate required by motor will be depending on the  pump displacement and 
pump shaft speed and the volumetric efficiency.  Pump displacement in terms of motor 
flow rate can be expressed by the following formula: 
 
                                  vp
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1000
                                                                        [3.14] 
where      
                Dp = pump displacement, cm
3
/rev 
                 Qm= flow rate required by motor, L/min  
               
vol.m motor volumetric efficiency (0.85- 0.97) 
Having pump displacement of 14.1 cm
3
/rev, pump shaft speed of 1400 rpm, average 
motor volumetric efficiency of 91%, the computed motor flow rate is 17.96 L/min. 
 Motor displacement can be calculated by the following formula: 
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                                                                    [3.15] 
where        
               Qm= motor flow rate, L/min 
               Dm= motor displacement in cm
3
/ rev 
               Nm= motor shaft speed, rpm 
             
vol.m Motor volumetric efficiency (0.85- 0.97) 
Having motor flow rate of 17.96 L/min, motor shaft speed of 1220 rpm, motor volumetric 
efficiency of 91%, the computed motor displacement 13.39 cm
3
/rev.  
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3.3 Hydraulic Steering Circuit Description 
 
The proposed model consisted of a gear pump driven by 7 hp ,3 phase electric motor, 1set 
of steering unit having 4ways,1 unit of double acting cylinder; double rod rack, tie rod, 
hydraulic hoses of 0.5 inch diameter and steel pipe, 2 wheels of  size 13R, 1set of heat 
exchanger ,filter and reservoir. Furthermore, a hydraulic tester OTC 4221 produced by 
Owatonna Tool Co., USA, having facility to measure flow, pressure, temperature was 
also incorporated.   
 
 
 
 
Figure 3.12: Hydraulic steering circuit 
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3.3.1 Development of Hydraulic Steering Model 
 
 An important feature of agricultural tractors and self-propelled machinery used in 
agriculture is the hydraulic steering. Therefore; a hydraulic steering system was included 
in the hydraulic trainer bench (Figure 3.13). The development of the steering model was 
carried practically in the Sudanese German Factory workshop. Various system 
components were identified and a model was assembled, operated and tested. The 
steering unit was automatically switched to emergency steering if the primary circuit 
failed. The steering column was installed directly on the top of the steering unit. The 
lower part of the steering unit was connected by four hoses and connecting steel pipes to 
the hydraulic pump and both sides of steering cylinder.  
 
 
Figure 3.13: Development of hydraulic steering model 
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3.3.2 Tracing of steering model 
 
From the steering model shown in Figure 3.14, the steering unit was supplied with oil 
from the electric motor-driven hydraulic gear pump. The steering pump admitted oil to 
the steering cylinder, is used to turn the wheels to the steering angle required. Steering 
movement will stop when the wheels reach an angle proportional to the movement of 
steering wheel. Turning motion stopped when the oil flow ceases. This was accomplished 
by interior ports when amount of turn corresponds to the angle of wheels. Steering system 
operation of right and left hand turns, and neutral position were also examined.  The 
steering model was successfully operated and demonstrated.   
 
 
Fig 3.14: Tracing and demonstration of steering system   
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3.4  Development of heat exchanger 
 
Heat exchanger of hydraulic system had been successfully designed and developed 
(Figure 3.14). The main problem in the hydraulic circuit in Sudan was oil overheating due 
to harsh working environment. After tracing and checking the hydraulic circuits plus the 
extensive discussion, the following possible reason were considered: 
1- Low oil level in reservoir 
2- Dirty oil 
3- Pressure relief value set too high 
4- Incorrect oil viscosity 
5- Kink in section line 
6- Internal loss of pressure whereby there is still enough system working pressure 
available. 
From the above mentioned, the overheating was due to hydraulic circuit design, which is 
not consider the harsh working condition and hot environment of Sudan.  
 
3.5  Accessories 
 
3.5.1 Hydraulic Tester  
 
The selected hydraulic tester was model OTC (Owatonna Tool Company) 4221, having 
serial No; 21955-75 Gpm300 L/min produced by Owatonna Tool Co; USA having 
facility to measure flow (L/min, gpm), and temperature (C
0
, F), was also in corporate. 
Figure (3.15) shows the a hydraulic tester. 
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Figure 3.15 Hydraulic Tester 
 
 
3.5.2 Hoses Selection 
The velocity of hydraulic fluid through hoses is dependent on oil flow rate and the hose 
cross sectional area.  The selected velocities of suction/return line and return line were 0.6 
and 1.5 m/sec respectively, based on the recommended fluid velocities through hoses in 
hydraulic systems (Table 3.2). 
   
Table 3.2 Recommended Hoses Velocity 
Service Velocity, ft/sec Velocity, m/sec 
Suction/intake 2-4 0.6-1.2 
Return 4-13 1.5-4 
Pressure/ discharge 7-18 2-5.5 
 
From flow/velocity nomograms for hydraulic hoses, for flow rate of 17.96 L/min and 
velocities of 0.6 m/sec and 1.5 m/sec, the selected diameters of suction and return line 
were 25 mm and 15.2 mm, respectively (Figure 3.16). 
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Figure 3.16: Hydraulic Hoses Selection Nomograms  
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3.4.3. Tachometer 
  
The selected tachometer was a mobile digital tachometer having high resolution, wide 
measuring range, micro-computer LS-I circuit, light weight and ABS-plastic housing. 
Figure (3.17) shows digital tachometer. 
 
 
 
 
 
 
 
 
 
Figure 3.17: Digital Tachometer 
 
 
 
 
 
 
                
 64 
CHAPTER IV 
 
RESULTS AND DISCUSSIONS 
 
Results of various hydraulic circuit trainer bench components tests such as hydraulic pump, 
hydraulic motor and cylinder are presented and discussed as follows:  
The trainer bench circuit includes options to operate and test; namely: 
1. Test of the hydraulic pump only, which include; 
 Pump flow rate versus pump pressure 
 Pump pressure versus temperature without cooling system 
 Pump pressure versus temperature with cooling system 
2. Test of the hydraulic motor flow rate versus motor speed 
3. Test of the hydraulic cylinder , which include:      
 Pump flow rate versus pressure 
 Load pressure versus Deflection 
 Deflection versus Load 
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4.1   Hydraulic pump testing  
4.1.1 Pump flow rate versus pressure 
The pump generates the necessary pressure and flow to operate the whole hydraulic system. 
Pump testing was carried out by connecting the hydraulic tester to the circuit downstream 
from the pump as shown in Figure 4.1. Before testing, oil pressure was released from system 
by disconnecting the oil pressure hose between the pump and the control valve. The oil 
pressure hose was then connected to the hydraulic tester inlet port and hydraulic tester outlet 
port was connected to the reservoir. Testing was carried out by slowly closing the tester load 
valve to load the system up to pressure level just under the system
'
s maximum preset 
pressure, which is equivalent to system relief valve setting. The test load was applied in 
increments of 15 bars up to150 bar and the corresponding oil flow was recorded.  Table 4.1 
shows the data obtained from pump testing. 
 
Figure 4.1: Hydraulic pump tester circuit 
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Figure 4.2 shows the pump flow rate versus pump pressure. From the pump test results, the 
pump flow rate was decreased as the pump pressure increased. The maximum pump pressure 
was in the vicinity of 150 bar at which the pump flow was reduced to zero (relief valve fully 
open).  Maximum flow rate was 19L/min at pump pressure equal to zero.  Based on the 
obtained results, maximum pressure of 150 bar and maximum flow rate 19 L/min of the 
tested pump were in agreement with the specification of the maximum pump pressure of 150 
bar and maximum flow of 17.96 L/min. Thus the pump was successfully tested. Therefore 
the circuit can be used to test any hydraulic pump. 
               
 
                       Table4.1: Hydraulic pump flow rate versus pressure data 
Reading No Pressure, bar Flow, L/min 
1 0 19 
2 15 18 
3 30 17.5 
4 45 17.3 
5 60 17 
6 75 17 
7 90 16.8 
8 105 16.5 
9 120 16 
10 135 0 
11 150 0 
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Figure 4.2: Pump flow rate versus pump pressure 
4.1.2 Pump pressure versus temperature without cooling system 
Another set of data was obtained to study the variation of system temperature with load 
without inclusion of the cooling system. Figure 4.3 shows temperature without cooling 
system versus pump pressure. Before testing, oil pressure was released from system by 
disconnecting the pressure line between the pump and the control valve. The pump testing 
configuration started by attaching the pressure line to the hydraulic tester inlet port and 
connecting hydraulic tester outlet port to the reservoir directly without passing to cooling 
cycle .  Testing was carried by slowly closing the tester load valve to load the system up to 
maximum rated pressure. The readings of oil temperature were recorded at different loads in 
increments of 15 bars up to 150 bar. Table 4.2 shows the data obtained from pump testing. 
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Table 4.2 Pump pressure versus temperature without cooling system data 
Reading No Pressure, bar Temperature, C
o 
1 0 40 
2 15 45 
3 30 49 
4 45 53 
5 60 57 
6 75 62 
7 90 66 
8 105 72 
9 120 78 
10 135 82 
11 150 85 
 
 
Figure 4.3: Pump pressure versus temperature without cooling system 
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4.1.3 Pump pressure versus temperature with cooling system 
Another set of data was obtained to study the variation of The system temperature with load 
and with inclusion of the cooling system in the hydraulic circuit. Figure 4.4 shows 
temperature with cooling system versus pump pressure. Before testing, oil pressure was 
released from system by disconnecting the pressure line between the pump and the control 
valve. The pump testing configuration started by attaching the pressure line to the hydraulic 
tester inlet port and connecting hydraulic tester outlet port to passing through the cooling 
cycle before the reservoir. The test was then carried out by slowly closing the tester load 
valve to load the system up to the system
'
s maximum rated pressure.  The load was applied in 
increments of 15 bar up to 150 bar and the corresponding oil temperature was recorded. 
Table 4.3 show values of temperature as pump pressure load increased up to the rated pump 
pressure. Figure 4.4 illustrates pump pressure versus temperature with cooling system. 
 
Figure 4.4: Hydraulic pump tester circuit with cooling system added  
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Table 4.3: Pump pressure versus temperature with cooling system added  
 
 
 
                 
              Figure 4.5: Pump pressure versus temperature with cooling system 
Reading No Pressure, bar Temperature, C
o 
1 0 26 
2 15 32 
3 30 37 
4 45 42 
5 60 46 
6 75 51 
7 90 55 
8 105 60 
9 120 64 
10 135 69 
11 150 73 
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Heating of a hydraulic fluid above recommended levels is a source of problems in a 
hydraulic circuit .It leads to premature degradation of the hydraulic fluid and substantial drop 
in performance and efficiency of the circuit .Therefore, in numerous applications, measures 
are taken to control the temperature of the fluid to be within the desired range. One of such 
measures is inclusion of a heat exchanger. In an attempt to ascertain the importance of 
inclusion of the cooling system, a heat exchanger was incorporated to study its effect on 
controlling the temperature of the hydraulic oil to be within normal operating temperature. 
Figure 4.6 shows pump pressure versus temperature with and without cooling system added 
to the circuit. As the results indicated, it was found that the cooler proved to be of 
significance in bring down the temperature of the hydraulic oil by approximately 13 C at the  
 
 
Figure 4.6: Pump pressure versus temperature with and without cooling system added 
to the circuit 
 72 
peak pressure (150 bar). It is obvious from the graph that if the maximum pressure of pump 
is higher then the cooling system will become more important. Since the objective of the 
study is to build up a trainer bench for demonstration purposes, inclusion of such a cooling 
system in the trainer bench and testing it will give more insight to the students and 
significance of such a cooling system will be appreciated. 
4.2 Hydraulic Motor Testing  
Tester was connected downstream from the motor as shown in Figure 4.7. Before testing, oil 
pressure was released from system by disconnecting the pressure line between the motor and 
the control valve. The pressure line from the hydraulic motor output was connected to the 
inlet port of the hydraulic tester and the outlet port was connected to the reservoir. The motor 
was then loaded slowly by closing the tester load valve. Readings of motor speed were taken 
every 3 L/min flow rate increment starting from 5 L/min to 17 L/min. load pressure was kept 
constant at 150 bar as supplied from pump. Table 4.4 shows the readings of speed for 
different values of flow rate. Figure 4.8 shows flow rate versus motor speed.  From the 
results, the motor speed (as theory postulates) was found to increase linearly as the motor 
flow rate was increased. Maximum speed was found to be 380 rpm at 17 L/min flow rate.  
Based on the obtained results, maximum pressure of 150 bar and maximum flow rate 17 
L/min, the displacement of the motor was found to be 0.04 L/rev which is in agreement with 
the information provided by the manufacturer of the motor. It is worth mentioning that the 
test did not cover the whole flow rate range of the motor which could reach 60 L/min and 
rotational speed of 1220 rpm.  
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Figure 4.7: Hydraulic motor testing 
                 
                 Table 4.4 Readings and calculations of hydraulic motor testing data 
Reading No Flow, L/min Speed, rpm Displacement, L/rev 
1 17 380 0.044737 
2 14 353 0.039660 
3 11 274 0.040146 
4 8 200 0.040000 
5 5 120 0.041667 
6 0 0 0 
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Figure 4.8: Motor speed versus flow rate 
 
4.3 Hydraulic Cylinder Testing 
The hydraulic cylinder was actuated by the pump. Cylinder testing was carried by connecting 
the hydraulic tester to cylinder circuit as shown in Figure 4.9. Before testing; oil pressure was 
connected to tester and pressure line connecting between the tester and directional control 
valve. The cylinder testing configuration started by attaching the pressure line to the 
hydraulic tester inlet port and connecting hydraulic tester outlet port to directional control 
valve, then connecting to the hydraulic cylinder inlet port and outlet port .The outlet port of 
hydraulic cylinder was connected to the reservoir. The cylinder was loaded slowly by closing 
the secondary relief valve. 
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Figure 4.9: Hydraulic cylinder testing 
The test was carried out by loading cylinder at every 10 bar, pressure increment from 0 to 
150 bars and recorded the corresponding spring compression (X) and the elapsed time using 
a stopwatch were. The cylinder speed was calculated by following equation: 
T
X
V                                                               [4.1] 
Where 
            V = Piston speed, m/sec 
X = Spring compression, meters 
T = ELapsed time, seconds 
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The force was calculated from tester gauge readings and cylinder area by using 
following equation: 
 
                                                            
10
AP
F

                                                            [4.2] 
where    
                F = load, kN 
    P = pressure, bar 
From Table 4.5, at pressure equal 10 bars the corresponding load was calculated equal 1.964 
kN, as the corresponding velocity was calculated by dividing the distance traveled (0.013 m) 
by time (1.5 sec) is equal to 0.009 m/sec. Then we can easily develop an equation to calculate 
the power required to compress the spring as follows 
                                                       VFPpower                                                             [4.3] 
where
 
               P power = power, kW 
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               Table 4.5: Hydraulic cylinder testing data 
reading 
No 
Pressure   
bar 
Flow 
L/min 
Deflection 
m 
Time  
sec 
Velocity  
m/sec 
Load  
kN 
Power   
kw 
0 0 19 0 0 0 0 0 
1 10 18.8 0.013 1.5 0.009 1.964 0.017 
2 20 18.5 0.024 1.22 0.0197 3.927 0.077 
3 30 18.1 0.04 1 0.04 5.891 0.236 
4 40 17.9 0.058 0.8 0.073 7.854 0.569 
5 50 17.7 0.075 0.7 0.107 9.818 1.052 
6 60 17.6 0.084 0.65 0.129 11.781 1.522 
7 70 17.5 0.095 0.6 0.158 13.745 2.176 
8 80 17.3 0.107 0.56 0.191 15.708 3.001 
9 90 17.2 0.125 0.47 0.266 17.672 4.7 
10 100 17 0.136 0.34 0.4 19.635 7.854 
11 110 16.8 0.148 0.31 0.477 21.599 10.312 
12 120 16.5 0.160 0.29 0.552 23.562 12.999 
13 130 10 0.163 0.28 0.582 25.526 14.859 
14 140 0 0.170 0.28 0.607 27.489 16.69 
15 150 0 0.170 0.28 0.607 29.453 17.882 
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Figure 4.10: Pump flow rate versus pressure 
 
Figure 4.11: Pressure versus deflection 
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The test readings were obtained by loading the cylinder at every 10 bar, pressure increment 
starting from 0 to 120 bars and the corresponding spring compression (X) and elapsed times 
using a stopwatch were recorded. The spring stiffness was calculated using the flowing 
equation:  
                                                   
X
F
                                                                        [4.5] 
where     δ = spring stiffness 
  F = load, KN 
          Table 4.6: Hydraulic cylinder test results and calculated stiffness 
Reading 
No 
Pressure 
bar 
Deflection 
m 
Load 
kN 
Stiffness 
kN/m 
0 0 0 0 0 
1 10 0.013 1.964 151.038 
2 20 0.024 3.927 163.625 
3 30 0.04 5.891 147.263 
4 40 0.058 7.854 135.414 
5 50 0.075 9.818 130.900 
6 60 0.084 11.781 140.250 
7 70 0.095 13.745 144.679 
8 80 0.107 15.708 146.804 
9 90 0.125 17.672 141.372 
10 100 0.136 19.635 144.375 
11 110 0.148 21.599 145.936 
12 120 0.16 23.562 147.263 
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Figure 4.12: Deflection versus load 
 
Pump flow rate versus pressure, spring compression versus cylinder pressure and deflection 
versus load were presented in Figures 4.9, 4.10 and 4.11, respectively.  From the results of 
cylinder test, the spring compression increased as the cylinder pressure was increased. The 
maximum cylinder flow rate tested was 19L/min at pressure 0 bar, maximum deflection 0.17 
m at pressure 150 bar, maximum cylinder load 29.453 KN at pressure 150 bars and 
maximum power 17.882 kW at pressure 150 bar, Spring stiffness which is the slope of the 
curve in figure 4.11,was calculated and found to be equal to 145 kN/m. Actual stiffness 
calculated from actual data shown in Table 4.6 was found to be equal to 144.910 kN/m. 
Based on the obtained results, the hydraulic cylinder was successfully tested. 
  
81 
 
CHAPTER V 
 
CONCLUSIONS 
 
The following conclusion could be drawn from the obtained results: 
1. Trainer bench circuit had been successfully designed and developed for 
educational purposes. The system included various basic hydraulic 
components together with hydraulic tester. The system facility is designed to 
demonstrate hydraulic pump, motor, and cylinder and testing each of these 
components easily.  
2. Heat exchanger had been successfully incorporated with hydraulic circuit and 
tested. The overheating problem in trainer bench was solved and heat 
exchanger was added to the circuits.  
3. Hydraulic steering model had been successfully designed and developed for 
educational proposes. The developed circuit and identification component of 
hydraulic system give in depth understanding and allows coherent viewing of 
circuit configuration, parameters, setting and components assembly.  
4. Hydraulic pump testing such as pump flow rate versus pump pressure, pump 
pressure versus temperature with and without cooling system were 
successfully carried out and their various models were developed. 
5. Hydraulic motor flow rate versus motor speed was successfully tested and 
model was developed. 
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6. Hydraulic cylinder tests such as pump flow rate versus pressure, load pressure 
versus deflection, power versus load, and deflection versus load were 
successfully carried out and their various models were developed. 
 
It’s hoped that this work be a useful contribution to upgrade the Department 
laboratory and will be used as a significant tool for demonstration purposes in this 
ever growing field.   
 
RECOMMENDATIONS 
The following agenda could be suggested for future researches: 
1. Develop computer program to simulate and operate the circuits of hydraulic 
trainer bench.  
2. Develop programmable logic control (PLC) to control and operate some 
hydraulic circuits. 
3. Upgrade the hydraulic trainer bench by adding hydrostatic transmission and 
breaking systems.  
4. As complementary to hydraulic trainer bench, it is that recommended that a 
computer controlled pneumatic trainer bench be developed and tested. 
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Appendix A                                       
 
                                     HYDRAULIC SYMBOLS 
 
PUMPS 
 
 
 
 
 
 
MOTORS 
 
Graphic Symbol Item  Description  
(a) 
 
(b) 
 
 
 
Fixed displacement 
motor 
One rotation sense (a) 
Tow rotation senses (b) 
(a) 
 
(b) 
 
Variable displacement 
motor 
One rotation sense (a) 
Tow rotation senses (b 
 
 
Rotary actuator Hydraulic motor with 
limited angle of rotation 
 
 
 
 
 
 
 
 
 
Graphic Symbol Item  Description  
(a) 
 
(b) 
 
Fixed displacement pump One Flow direction   (a) 
Tow Flow directions  (b) 
(a) 
 
(b) 
 
 
Variable displacement 
pump 
One Flow direction   (a) 
Tow Flow directions  (b) 
 
 
          
Hand pump Lever pumping 
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      CYLINDERS 
 
Graphic Symbol Item  Description  
 
 
 
Single- acting cylinder 
Return stroke by 
external force 
 
Return stroke through a 
spring 
 
 
 
Double-acting cylinder 
Single rod 
  
  
Double rod 
    
 
 
 
Cylinder with fixed 
stroke end cushioning 
Cushioning on one side 
      
Cushioning on both 
sides 
    
 
 
Cylinder with adjustable 
stroke end cushioning 
Cushioning on one side 
     
Cushioning on both 
sides 
 
 
 
Telescopic cylinder 
Single- acting 
 
Double-acting 
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      PRESSURE CONTROL VALVES 
 
Graphic Symbol Item Description 
 
 
 
 
 
Relief valve 
 
 
Direct operated 
 
 
 
Pilot operated 
 
 
 
 
 
Sequence valve 
 
 
Direct operated 
 
 
 
Pilot operated 
 
 
 
 
 
Reducing valve 
 
 
Pilot operated 
 
 
 
Direct operated 
 
 
Counter pressure 
valve 
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FLOW CONTROL VALVES 
 
Graphic Symbol Item Description 
 
 
 
 
 
Variable throttling valve 
 
Tow way 
 
 
 
 
With check 
 
 
 
Compensated flow regulator 
 
Tow way 
 
 
 
Three way 
  
 
 
 
 
 Fixed orifice 
 
Tow way 
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DIRCTIONAL CONTROL VALVES 
 
Graphic Symbol Item Description 
 
 
 
 
 
 
 
 
 
Check valves 
 
Standard 
 
 
Calibrated 
 
 
 
Piloted operated 
 
 
Piloted with drainage 
 
 
 
 
 
 
 
 
Directional valves 
 
 
 
2 ways - 2 positions 
 
 
 
3 ways - 2 positions 
 
 
 
4 ways - 2 positions 
 
 
 
4 ways - 3 positions 
 
 
 
 
 
 
Controls for 
directional valves 
 
 
 
Mechanical 
 
 
 
Pushbutton 
 
 
 
Lever 
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Controls for 
directional valves 
 
 
Pedal 
 
 
 
Spring 
 
 
 
 
Cam 
 
 
 
Electric (solenoid) 
 
 
 
Electro-hydraulic 
 
 
 
Hydraulic 
 
 
 
Electric (proportional) 
 
 
 
Electro-hydraulic (proportional) 
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ENERGY TRANSMISSION AND ACCESSORIES 
 
Graphic Symbol Item Description 
 
 
 
Prime mover 
Electric 
 
Engine 
 
 
 
 
 
 
 
 
Piping and 
connections 
Main 
 
Pilot 
 
Drain 
 
Flexible hose 
 
Connection point 
 
Crossing 
 
 
 
Branching 
closed 
 
With connected piping 
 
 
 
Reservoir 
Piping above level 
 
Piping under level 
 
Hydraulic 
accumulator 
 
 
Filter  
 
 
 
Heat exchanger 
Heater 
 
Cooler 
 
Pressure gauge  
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APPENDIX B 
 
Conversion Factor 
 
     Type 
 
 
Unit 
English unit France unit SI unit conversion 
Length 
ft  = 12 in cm = 10 mm 
Km, m 
in = 2.54 cm 
Yd = 3 ft m = 100 cm m =3.28ft 
mi = 5280 ft Km = 1000 m mi = 1.609km 
Area 
in
2
 , ft
2
 ,mi
2
 , 
yd
2
 
mm
2
, cm
2
, m
2
,km
2 
km
2
, m
2
,ha 
Acre=4047 m
2
 
m
2 
=10.76 ft
2 
mi
2
 =640 acre 
mi
2
 =2.59Km
2 
Fed =4200 m
2
 
Acre = 43571ft
2 Don=1000 m
2 
ha =10000 m
2 
Volume 
In
3
,ft
3
,yd
3 
 
mm
3
,cm
3
,m
3
 
m
3
 ,Lit 
Gal =3.785 Lit 
m
3
=35.31 ft
3
 
m
3
=1000 Lit 
Ft
3
=7.4nGal Lit=1000 cm
3
 
Mass 
Slug = 32.2lb Kg= 1000 gm 
Kg ,  gm 
Kg = 2.204 lb 
Ton =2240lb Ton= 1000 kg Lb = 453.6 gm 
Force lb 
N =10
5
 dyne  
N 
Lb = 4.448 N 
kgw = 9.81 N 
pressure 
atm = 14.7 psi atm =1.033 kg/cm
2 
Pa =N/m
2 
bar =10
5
pa 
atm = 29.92in 
Hg
 bar = 1.02 kg/cm
2
 
Kpa = 1000 
pa 
Psi = 6900 pa 
atm =33.88 ft 
H2o 
atm = 0.101 Mpa Mpa = 10
6
pa Kg/cm
2
 =14.2psi 
Energy Lb.ft Dyne.cm 
J = N.m J = 0.737 lb.ft 
J = 0.239 cal 10
-4
 Btu*J =9.48 
Power Lb.ft/sec Dyne.cm/sec 
Watt = 
N.m/sec 
Watt = 0.737 
.ft/sec 
Watt = J/sec Hp =550lb.ft/sec 
Kw = 1000 
wat 
Kw = 1.341 Hp 
Dynamic 
viscosity 
Lb.sec/ft
2 
Dyne.sec/cm
2
=poise 
N.sec/m
2
 = 
pa.s Pa.s = 0.021 
.sec/ft
2 
Pa.s = 10 
poise 
Kinematic 
viscosity 
Ft
2
/s Cm
2
/sec =stok 
m
2
/sec =10
4
 
stok 
Ft
2
/s = 929 stok 
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Appendix C 
 
COLOR CODES 
 
 
